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The events that occur at the initiation of phage infection are discussed, from adsorption through DNA ejection from the virion into the cell. A
new model for DNA translocation is described that not only overcomes difficulties associated with previous models of DNA ejection but also
provides a mechanism by which both single-stranded genomes and internal phage proteins can be transported from the virion into the cell
cytoplasm.
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90th anniversary of Twort’s description of the effects of phage
on a bacterial culture—a phage that now bears his name. It is
also the 60th anniversary of the Demerec and Fano’s collection
of lytic phages that became known as the T (for type) phages,
although the lineage of T2 has been traced back to 1927.0042-6822/$ - see front matter D 2005 Elsevier Inc. All rights reserved.
doi:10.1016/j.virol.2005.09.014
* Fax: +1 512 471 7088.
E-mail address: Molineux@mail.utexas.edu.Similarly, T1 (for a period known as phage a) was used in the
1930s, and d’Herelle almost certainly used a T7-like phage as a
therapeutic treatment for plague in 1919. øX174 (phage, race
ten, tube 174) is celebrating its 70th anniversary but it too was
first isolated in the 1920s. Eschewing the desire to acknow-
ledge only decadal anniversaries, 2005 is the 88th anniversary
of the first of d’Herelle’s many publications describing the
‘‘lytic principle’’ and the 79th anniversary of his third book, the
monumental opus ‘‘The Bacteriophage and its Behavior’’. The
year, 2005 is also the 46th anniversary of Mark Adams’ highly6) 221 – 229
www.e
I.J. Molineux / Virology 344 (2006) 221–229222influential book ‘‘Bacteriophages’’, which at one time could be
found in every phage lab. Lambda was discovered 54 years ago
but had been in laboratory culture as a lysogen since 1922.
Phages have a long and illustrious history in the development
of genetics and molecular biology. These topics have been
reviewed extensively, and I will attempt here only to provide a
personalized overview of one of the major unresolved
problems in phage research: how phages initiate infection
and translocate their genome into the cell cytoplasm. The
format for this review precludes providing many citations and I
apologize beforehand to the many whose important contribu-
tions are not explicitly acknowledged.
Virology, Volume 1, Issue 1, contained nine papers, of
which three concerned phages. Of particular interest here is Al
Hershey’s paper on the ‘‘germinal substance of bacteriophage
T2’’, which is ejected from the infecting virion into the
bacterium. In the related phage T4, the germinal substance
would include the non-essential internal proteins IPI*, IPII*,
IPIII*, and gpalt*, together with gp3 and gp2. Despite the
common misstatement found in even recent textbooks that only
DNA enters the cell in the Hershey–Chase experiment, more
than 50 years ago Hershey was fully aware that phage virion
proteins entered the infected cell. In fact, most if not all phage
particles contain proteins that become associated with the
interior of the host bacterium.
Adsorption and other early steps
The initial stage of phage infection is reversible adsorp-
tion, a step that occurs after a random collision between the
virion and the bacterium. This initial collision is non-specific
and involves minimal free energy but it temporarily prevents
separation of the particles to allow the tail or tail appendages,
or in the case of tail-less phages externally located proteins,
time to explore the cell surface. However, the lack of
specificity means that phages also bind to acellular material,
both organic and inorganic. A more specific interaction,
albeit still weak, then occurs between an adsorption
protein—often a tail fiber or other appendage, of the phage
and a cell surface component. The latter may be protein or
carbohydrate, but in either case, acquiring resistance to phage
infection by mutation generally leads to a loss in fitness of
the bacterium in its natural environment. Some phage virions
display surface enzyme activities that degrade capsular or
other carbohydrates on the cell surface; enzyme action then
reveals a second receptor for the phage. It has been
suggested that secreting extensive polysaccharides onto the
cell surface evolved primarily as a defense mechanism
against phage attack; the acquisition by phages of enzymes
that degrade those surface layers then represents an effective
counter-offensive.
The presence of multiple tail fibers allows a phage to ‘‘walk’’
over the cell surface in search of a specific receptor. Again, a
bound single fiber slows the separation of phage and bacterium,
allowing other fibers to continue exploring the cell surface. Tail-
less phages may simply roll over the cell surface in their search
for a receptor, but most tailed phages that lack multiple fibers,like the common laboratory strains of k (which are defective for
side tail fiber synthesis) adsorb only inefficiently. Perhaps in
particular if binding is cooperative, symmetrically located tail
fibers provide another advantage to the efficiency of specific
adsorption and subsequent infection. When all tail fibers are
correctly bound, the phage tail is automatically positioned
perpendicular to the cell, allowing a tail or straight tail fiber
protein to contact its receptor precisely. This second cellular
receptor may or may not be the same molecule (or part of the
same molecule) recognized by the tail fibers, but its interaction
with the tail is likely to be strong and highly specific. For some
phages, this second interaction is known to correspond to what is
functionally defined as irreversible adsorption. In T4, it requires
the hexagon to star transition of the baseplate (Kanamaru et al.,
2002; Leiman et al., 2004); in T7, it is accompanied by the
ejection of a tail protein into the outer membrane of the cell
(Kemp et al., 2005). Secondary interactions for some other
phages are with the cytoplasmic membrane of the cell; in these
cases, the initial adsorption step must allow a virion protein to
penetrate the outer membrane and/or the cell wall. Little
information is available how phage proteins penetrate the outer
membrane, but it is clear that the tails of phages that recognize
porins as their receptor, k and T5 for example, cannot passively
penetrate the central pore(s) used for nutrient uptake. In their
native state, the diameters of those pores are far too small to
accommodate dsDNA, especially since it is surrounded by a
protein conduit. The free energy released due to binding of the
phage to a porin, and perhaps other receptors, is utilized in
deforming their structure.
Crossing the cell wall
The cell wall, in particular of Gram-positive bacteria,
provides a barrier to transport of macromolecules and phages
necessarily have to cross that barrier to initiate infection.
Most – perhaps all – dsDNA phages contain a virion
enzyme that degrades the cell wall from the outside,
presumably creating or enlarging a hole across the peptido-
glycan layer (Moak and Molineux, 2004). (The more familiar
phage endolysins are associated with lysis, which in vivo act
from the inside of the cell. However, some endolysins can
lyse cells from the outside, and the SP6 virion cell wall
hydrolase may also function in vivo as an endolysin). The
mature phage tail (tube) passes through the hole in the
peptidoglycan layer to provide a conduit for DNA transport
across the periplasm or, for the T7 family of short-tailed
phages—and likely many Podoviridae infecting Gram-nega-
tive bacteria, the conduit is formed by proteins ejected from
the virion. In either case, the phage genome is protected from
periplasmic endonucleases, which only act on incoming
genomes during superinfection exclusion. Although free
diffusion of phage DNA across the periplasm of cells has
been suggested as part of the mechanism of ejection, it seems
unlikely that it would be used in natural environments. From
a biological perspective, protection of an incoming phage
genome from periplasmic nucleases would seem to be an
essential requisite for a successful parasite. In this regard, it
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through an external RNase-sensitive step.
Less is known about infections of Gram-positive cells;
degradation of the peptidoglycan may directly allow the phage
genome to approach the cytoplasmic membrane. ø29 actually
uses its terminal protein, which is bound to the genome ends, to
degrade the B. subtilis cell wall (Moak and Molineux, 2004).
An enzyme with more spatial freedom could exhibit more
extensive degradation and allow the phage tail to penetrate
deep into the cell wall. However, cell wall hydrolytic activity
associated with a phage virion must be constrained. The
hydrolase cannot be allowed to freely diffuse from the infecting
particle and cause extensive degradation of peptidoglycan
because that would result in premature cell lysis. The
phenomenon of lysis-from-without, where cells immediately
lyse following infection at high multiplicity, is an example of
where the constraints to diffusion of the cell wall hydrolase
break down. The phenomenon of lysis-from-without is
exhibited by T-even and certain other phages with large
genomes, but does not appear to be particularly widespread.
Most phages do not cause lysis-from-without; more often, high
multiplicities of infection simply overwhelm all capacity for
efficient macromolecular synthesis and the cell simply dies.
Lysis-from-without may be considered a beneficial trait, when
phage concentrations far exceed that of the host bacteria, it may
be advantageous to reduce further non-productive adsorption
events by catalyzing immediate cell lysis. Adsorption of
phages to cell debris is much less efficient than to intact cells.
Ejected proteins involved in DNA transport
Infections by Podoviridae present an obvious conceptual
problem (to scientists, clearly the phages themselves have no
problem!) of infecting cells in that their tail is too short to span
the entire cell envelope. T7 harbors an extensible tail, where
internal head proteins gp14, gp15, and gp16 are ejected from
the virion to span the cell envelope (Molineux, 2001). These
three ejected proteins presumably form the ‘‘Bayer’s bridge’’,
where the inner and outer membranes appear to fuse during T7
infection. On geometric grounds, some longer tailed phages are
likewise unable to penetrate the cytoplasm directly; for
example, after contraction of the T2 tail sheath, the tip of the
tail tube only abuts the outer face of the cytoplasmic membrane
(Simon and Anderson, 1967). However, during infection, the
membrane has been shown to bulge at the site of infection,
thereby allowing the tail tube to penetrate the cytoplasm. The
T5 tail fiber protein pb2 can directly penetrate the cytoplasm,
and its insertion into the membrane has been demonstrated
during infection and into liposomes in vitro (Bo¨hm et al., 2001;
Guihard et al., 1992; Lambert et al., 1998).
The principles of how penetration of the membrane occurs
are not well established. The genomes of T5 and k can
penetrate the cell in the absence of cellular energy; tail
components of these phages must spontaneously insert into
the membrane. The T4 tail tube requires the membrane
potential for insertion into the cytoplasmic membrane (Gold-
berg et al., 1994), and insertion of T7 gp16 from the infectingvirion is more efficient when a membrane potential is present.
T4, T5, and T7 proteins probably insert directly past lipid
moieties; by analogy with eukaryotic viruses, perhaps the
channel-forming proteins contain fusogenic peptide sequences.
However, the channel formed by k may be facilitated (as
judged by subsequent DNA transport) by the integral mem-
brane protein ManY, whose cellular function is in the mannose
phosphotransferase uptake system. Phages that are known to
have secondary receptors for adsorption in the cytoplasmic
membrane may make further use of those same proteins in
forming the channel for DNA transport into the cytoplasm.
Given that successful phages will have selected a membrane
protein that is abundant and thus easily located, there is no
fundamental difference between using a membrane protein or
the general lipid bilayer to make a channel to the cell interior.
At the initiation of infection, a signal must be transduced
from the tail component that is in contact with the cell surface
up to the head for DNA ejection to be initiated. The likely
candidate of long-tailed phages is the tape measure, which by
definition extends the length of the tail. In mature virions, the
tape measure provides a protective role to the phage genome by
preventing small reactive compounds from entering the capsid.
Ejection of the tape measure from the lumen of the tail provides
an obvious signal to the genome, simultaneously clearing the
path for DNA ejection. The tape-measure protein of k, gpH*,
may have yet a third role in actually forming the channel across
the cytoplasmic membrane. GpH* appears to interact with
ManY in vivo, and it also becomes protease-resistant following
phage adsorption to proteoliposomes in vitro.
The T7 tail protein gp7.3 and head protein gp6.7 may serve,
in part, to fill the inside of the short tail tube and the head–tail
connector (Kemp et al., 2005). These two proteins are the first
to leave the virion at the initiation of infection, and are
followed by the ejection of the three internal head proteins that
form the channel across the cell envelope. About 70 protein
molecules leave the infecting T7 particle before the phage
genome can exit the phage head. How ejection of these proteins
from the virion is coordinated or where the energy for protein
movement is stored is unclear. The proteins may be packaged
in an energetic or metastable form, or internal forces associated
with the packaged DNA could be used for their ejection.
In principle, ejection of the single DNA molecule from a
head is easy: the leading end of several phage genomes has
been located part way down the phage tail, which then provides
directionality for movement. The T7 genome may have to be
led through the head–tail connector into the extended tail by a
protein that also exits the head. It is much more difficult to
describe how many different protein molecules leave the phage
head. They cannot all have a terminus penetrating the narrow
central channel of the tail. The structure of the T7 connector
shows that its head domain is shaped like a funnel, which
would help direct internal capsid proteins to locate the exit
(Agirrezabala et al., 2005). However, as the wider part of the
funnel is only 8 nm in diameter (the internal diameter of the
head is ¨60 nm), a more efficient means of ensuring efficient
and coordinated ejection of all protein molecules would seem
to be necessary. One untested possibility is that the trailing end
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molecule into the exit channel. A second conceptual problem is
that the T7 head proteins are too large to exit the virion in a
compact, folded form. The narrower part of the channel
through the head–tail connector (the geometry of the channel
through the tail is unknown) reduces to an average of 3.3 nm.
Either the channel must expand considerably or, perhaps more
likely, internal head proteins destined to be ejected from the
virion possess only limited secondary structure elements while
in the capsid or may be easily induced to unfold.
Other proteins ejected from the virion
Proteins that are ejected from infecting phage virion have
diverse functions. A virion protein of tail-less øX174 is
necessary to direct and facilitate genome transfer into the
cytoplasm of the infected cell. The covalently bound terminal
proteins of the ø29 phage family and that of an archaeal phage
are ejected from the virion; these have the additional function
of priming DNA replication. Proteins bound to the linear
genome termini protect the entering DNA from degradation by
the RecBCD or other nucleases, and ejected proteins from the
T4 family of phages include anti-restriction activities, plus
proteins that modify the host RNA polymerase and/or the
translational apparatus. It is not known whether the more than
1000 internal T4 head protein molecules that are ejected from
the virion leave before or after the genome or even whether
their ejection is a coordinated process.
Ejection of DNA from the virion
Stent’s 1963 ‘‘Molecular Biology of Bacterial Viruses’’ – so
very influential as many of us who are teaching today
themselves learned from that textbook or its successors –
proposed that ‘‘the (T2) DNA is packed into the phage head
under constraint and forces itself out through the sheath after
the contraction and Funcorking_ reactions of the tail are
triggered’’. It is only now becoming appreciated that at best,
and even when consideration is limited to phages with double-
stranded DNA genomes, this suggestion can only represent part
of the story. The k and T5 genomes have been shown to
completely eject from their virions into buffer or into liposomes
in controlled in vitro reactions (Bo¨hm et al., 2001; Lambert et
al., 1998; Mangenot et al., 2005; Roessner and Ihler, 1986).
However, in vivo, the osmotic pressure differential between the
cell cytoplasm and surrounding fluids must prevent the entire
phage genome from being transported only by forces resulting
from DNA packaging. ø29 DNA ejection has been described as
a push–pull process, whereby the leading 60% of the genome
is pushed into the cell by pressure, while the remaining 40% of
the genome is pulled in by an energy-requiring process
(Gonza´lez-Huici et al., 2004). However, the genomes of T7
and N4 enter the cell entirely or largely so through enzyme-
catalyzed, energy-requiring, processes, and it is obvious that
phages with ssDNA or ssRNA genomes cannot use a pressure-
based mechanism to transport their nucleic acid into the cell.
After a long period when only a few stalwarts retained interestin the mechanism of phage DNA ejection, the field has recently
become a hotbed of both theoretical and experimental work.
The starting material
All known dsDNA phages package their genomes at the
enormously high density of ~500 mg/ml, the DNA occupies
about half the internal volume of the capsid. The remainder of
the capsid volume is filled with counterions, proteins, and
water; the center of the capsid is essentially free of DNA
because of the energy required to bend the double helix into
spools with tight radii. The DNA-free hole in the capsid center
may be the usual location for internal proteins but in T4 they
have been shown capable of diffusion throughout the capsid.
The structure of a phage genome in its virion may be described
as an organized liquid crystal. The exact structure of the
packaged DNA has been subject to much study and almost an
equal amount of debate, but some form of solenoidal winding
of the DNA helix seems most consistent with experimental
data, and perhaps most phages will approximate this model.
However, whereas in the isometric T7 capsid, the spools of
DNA are coaxial with the tail, in the prolate T4 head they are
perpendicular. The DNA is in B-form with an inter-helical
spacing of ¨2.5–2.8 nm. Comparison of wild-type and
deletion mutants show that the latter exhibit larger spacing
between adjacent helices, indicative of repulsive forces and
thus, that energy is stored within the DNA. Inter-helix spacing
in virions is generally also less than that of the otherwise
similar structure of DNA exothermically condensed by poly-
amines or cobalt hexamine. Elegant single molecule in vitro
ø29 DNA packaging studies show that the packaging motor
must exert a strong force to complete genome encapsidation
(Smith et al., 2001). It has been concluded that the fully
packaged genome is under as much as 60 atm of pressure,
assuming, among other factors, that all the energy used by the
packaging motor is stored in the DNA and none is dissipated as
heat. As the packing density of DNA in diverse phages is
comparable, the pressure within their heads will also be
comparable. However, the value of 60 atmospheres is being
used without regard to the conditions of measurement, and
usually without acknowledging the assumptions made in its
calculation. Under different ionic conditions, ejection of k
DNA in vitro is completely prevented by an external pressure
of ¨25 atmospheres (Evilevitch et al., 2003, 2005; Purohit et
al., 2005), suggesting that the internal forces present in a
mature virion can vary substantially with its environment.
Phage capsids are permeable to water and small ions; osmotic
stress reagents like poly(ethylene glycol) (PEG) cause varia-
tions in water activity inside the capsid that alter the stability of
the tightly packed DNA. Different cations also affect the
structure of encapsidated DNA; for example, the presence of
low concentrations of putrescine or other small polyamines are
strongly stabilizing. Mature T4 virions, which are only slowly
permeable to small ions (the reason for the formation of ghosts
following osmotic shock), contain polyamines in proportion to
their concentration in their last cell. Interestingly, k does not
grow (even by induction) in cells lacking the natural
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DNA ejection can be suppressed by the presence of poly-
amines—both in vivo and in vitro.
One important observation arising from the single molecule
packaging studies of ø29 DNA is that the first half of the
genome is encapsidated before resistive forces to additional
packaging become substantial (Smith et al., 2001). It follows
that internal forces present inside the mature virion should
largely dissipate when only half the genome has been ejected.
When a phage infects a cell, the genome has to move from the
capsid into the cell cytoplasm, which, relative to the external
media, is maintained at several atmospheres of pressure.
Consequently, there is a cellular force opposing internalization
of the phage genome, meaning that less than half the genome
should be ejected from the virion by the packing forces present
in the mature virion. The resistance of the cytoplasm to genome
penetration can be mimicked by including in in vitro reaction
osmolytes that are impermeable to the phage head. As noted
above, the addition of PEG to in vitro reactions reduces the
extent of genome ejection from the phage particle. Unfortu-
nately for those who want to relate in vivo to in vitro data, but
perhaps very fortunately for the bacterial cell, attempts to
reduce the osmotic pressure difference between the cell
cytoplasm and the external media by the simple addition of
osmolytes to a culture are non-productive. The cell responds by
reducing the volume of the cytoplasm, making its solutes more
concentrated, which leads to even higher internal osmotic
pressures.
In order to exit the capsid, the phage genome must pass
through the head–tail connector, and in many cases through
a long tail, before it can enter the cell cytoplasm. Structures
of a few connectors have been obtained at atomic or pseudo-
atomic resolution, the internal channel of the ø29 connector
is 6 nm at the wider, head-proximal end, and reduces to
about 3.6 nm at its narrowest (Guasch et al., 2002; Simpson
et al., 2000). The T7 connector has an overall similar
structure (Agirrezabala et al., 2005), although a constriction
within the channel to about 2.2 nm diameter has been
reported. DNA must pass this constriction, which is only
about 10% wider than the DNA helix. There is little detailed
information on the inside of the tail or tail tube, which is
often quite long. The longest tails are those of the
Siphoviridae, which have been reported to be as long as
875 nm, although those of the better-known phages k and T5
are (including their straight tail fiber) 173 nm and 250 nm,
respectively. The internal diameter of individual rings of k
gpV (major tail protein) has been measured by electron
microscopy to be ¨3 nm, sufficient for a DNA duplex
surrounded by a single layer of water molecules but not
much more. Short-tailed phages, like T7, have a 23 nm tail
that is, as described above, elongated during infection by the
ejection of internal head proteins. This major change in
structure precludes estimating the diameter of the DNA
channel during infection from the mature virion. In general, it
might be expected that a significant frictional force is
generated between the connector and tail tube, which remain
stationary, and the translocating DNA. For some phages,including, but not limited to, those with very long tails, this
frictional force may be greater than the forces due to the
packaged DNA.
In vivo studies
Ever since the Hershey–Chase experiment, it was com-
monly assumed that most phages ejected their entire genome
into the cell in a single step. T4 and k (the two phages most
intensively studied in the early heydays) may indeed follow
this process; at least, there is no experimental evidence of
which I am aware to the contrary. T4 DNA has been estimated
to leave the phage head between 1 and 10 kb/s, that of k at
¨0.5 kb/s, but both rates are rough approximations. The B.
subtilis phage SP82 genome may also enter the cell in one step,
and at a constant rate. Using marker rescue as an assay for
genome internalization, the rate of DNA uptake was estimated
¨2 kb/s at 33 -C (McAllister, 1970). This value remains one of
only two direct measurements of the average rate of translo-
cation of a phage genome into the cell. The apparent constant
rate of genome internalization belies the idea that packing
forces in the head are driving SP82 DNA ejection.
T5 was an early exception to the rule of a single ejection
step. Initially, only 8% (first-step transfer, FST) of the 121 kb
T5 genome enters the cell, the pre-early T5 proteins A1 and A2
must be synthesized before the remainder of the genome can be
internalized (second-step transfer, SST). Both FST and SST can
occur in the absence of cellular energy; interestingly, SST still
occurs even after the capsid has been removed and the 110 kb
of DNA yet to enter the cell floats free in the extracellular
medium (Labedan and Legault-Demare, 1973). There are
obviously no packing forces to drive DNA ejection in this
case! However, it is important to remember that the kinetics,
perhaps even the mechanism, of DNA transport under these
aberrant conditions may not be the same as in a normal
infection. T5 genomes contain five single-strand nicks, which
are ligatable in vitro, at defined sites; a number of less common
secondary sites have also been noted. The major nicks are
found in 80–90% of all T5 genomes although their biological
significance is unknown. The first nick site to enter the cell lies
at 8% from the left genome end, near the boundary between
FST and SST DNA, and it was frequently suggested that the
nick causes FST to terminate. However, both a T5 mutant
whose genome lacks the 8% nick site and one that lacks all
nicks, still exhibit normal two-step DNA transfer. Nicks distal
to that at 8% do not cause a requirement for additional bursts of
gene expression, but the techniques available in these early
studies would not have detected a simple pausing step in the
DNA internalization process.
A fundamental exception to the idea that the pressure of
packaged DNA drives genome ejection comes from studies
using T7. The T7 genome enters the cell in three distinct
phases, each with a characteristic rate and each having the
characteristics of an enzyme-catalyzed reaction (Kemp et al.,
2004). The leading end of the genome enters at a rate of 140
bp/s at 37 -C. A mutant virion containing an altered gp16
allows the entire genome to be internalized at this constant rate,
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reaction. The membrane potential is necessary for this mode
of DNA translocation. However, the majority of the T7 genome
is normally internalized by transcription; about 7 kb is drawn in
as a consequence of transcription by E. coli RNA polymerase
(RNAP), the trailing 32 kb by transcription by T7 RNAP
(Molineux, 2001). The transcription-independent mode of
DNA translocation is usually only used to internalize the
promoters for RNAP, and is then shut down by an unknown
mechanism. Transcription-mediated genome entry results in
obligatory expression of an anti-restriction protein, and early
synthesis of this protein is necessary for T7 to avoid restriction.
Recent studies from the Rothman–Denes laboratory show
that N4 also uses transcription, catalyzed by different RNAPs
for different genomic segments, to internalize all but the
leading 500 bp of its 70 kb genome. N4-like phage virions
contain an RNAP that is used for the first transcriptional step.
Although the precise mechanism of N4 DNA internalization is
clearly different from that of T7, at one level they are related.
Both use the same fundamental strategy of using RNAP motors
to draw all, or almost all, the genome from the virion into the
cell. Excluding the leading 500 bp of N4, for which no data
have yet been obtained, neither it nor T7 appears to utilize
internal virion forces for genome translocation.
It is unlikely that many phage types use transcription
directly to draw much of their genome into the cell (a process
that should be considered fundamentally different from phages
like T5 and ø29, which require transcription of genes whose
products then direct subsequent genome internalization). No
phage that packages its genome by the headful mechanism can
utilize transcription, because promoters (or RNAP genes) will
not be appropriately located in all genomes. It is also clear that
ejection of k DNA is independent of transcription; however,
few other phage types have been examined directly.
The leading 60% of the ø29 genome is described as being
pushed into the cell cytoplasm using the energy stored in the
packaged DNA (Gonza´lez-Huici et al., 2004). The distal 40%
is only internalized after p17 (likely with additional proteins),
whose coding sequence lies within the leading part of the
genome, is synthesized. The phage proteins are hypothesized to
actively transport the remainder of the genome by a non-
transcriptional process that, however, requires cellular energy.
The first 40% of the genome to be packaged, which
corresponds to the trailing 40% during DNA ejection, is
encapsidated in vitro before forces opposing further packaging
becomes significant. The agreement between the in vivo and in
vitro data argues against the idea that the cytoplasm of the
infected cell provides a resistive force to DNA penetration.
Alternatively, perhaps the forces inside the virion are not the
only forces operating during the ‘‘push’’ phase.
In vitro studies
In vitro studies of the DNA ejection process from virions
have been restricted to k and T5. One reason is that these phages
use an outer membrane protein for adsorption, and this protein –
whether in solution or incorporated into synthetic liposomes –can induce spontaneous DNA ejection from the virion. This
approach has not yet proven so suitable for phages that adsorb to
lipopolysaccharide, probably because its native structure is
difficult to reproduce in vitro.
In a solution containing 10 mM Mg++, k DNA is expelled
from its capsid by the addition of Shigella sonnei LamB (E.
coli LamB requires CHCl3 to trigger ejection). DNA ejection is
completely suppressed by the addition of PEG, which provides
an external osmotic pressure that opposes the forces present in
the phage capsid (Evilevitch et al., 2003, 2005). Varying the
concentration of PEG was shown to allow different lengths of
DNA to be ejected and in recent work, it has been shown that a
higher concentration is necessary to prevent ejection from wild-
type k than from a mutant with a 22% shorter genome. Forces
internal to the capsid that drive genome ejection are due to the
close packing of DNA helices, external forces are governed by
the osmotic pressure from polymers that are impermeable to the
capsid. Because polyamines promote condensation of DNA,
their presence in these reactions greatly reduces the forces
within the phage capsid and thereby reduces the amount of
PEG required to block ejection completely. Predictions made
from theoretical calculations of both internal and external
forces, and the consequent extent of ejection of an encapsidated
genome, correlate well with experiment.
The interaction of T5 virions with their receptor, FhuA,
causes rapid ejection of the phage genome in vitro (Bo¨hm et
al., 2001; Lambert et al., 1998). If FhuA is incorporated into
liposomes, the amount of DNA translocated from the phage
head into the liposome interior is dependent on its volume. This
is consistent with the idea that the forces in the phage virion
drive DNA ejection until the resistive forces from DNA already
inserted into the liposome are balanced. Using a microfluidic
chamber, individual T5 molecules have been observed being
ejected from virions at rates approaching ¨75 kb/s at 23 -C
(Mangenot et al., 2005). This is much faster than occurs at 37
-C in vivo, perhaps the hydrodynamic flow in the chamber
accelerates DNA movement. One feature of a normal T5
infection may have been recapitulated in these in vitro
experiments. A fraction of the genomes ejected paused at
distinct regions, which correlate well with sites of the major
single-strand nicks on the T5 genome (plus an additional pause
near one of the secondary sites). The nicks were proposed to
provide an energetic barrier to further DNA ejection in vitro. It
will be interesting to know whether T5 mutants that lack nicks
in their genome, but which still exhibit two-step transfer in
vivo, show the same stepwise pattern of DNA ejection in vitro
(Roessner and Ihler, 1984).
Mechanisms of DNA ejection
Most models describing DNA ejection consider only the
dsDNA phages, and ignore phages with single-stranded nucleic
acid. However, these phages must still internalize their genome.
The first model proposed that Brownian motion provided the
driving force, but it was subsequently calculated that the T4
genome would take about 8 h to completely enter a cell! Recent
models have focused on the forces within the mature virion,
Fig. 1. Electron micrograph of a thin section that shows T4 infecting E. coli B.
The scale bar is 100 nm. Reproduced with permission from Simon and
Anderson (1967).
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DNA into spools with radii less than its persistence length and
to compress neighboring highly charged helices (e.g., Purohit
et al., 2005). These models also do not address phages with
single-stranded genomes, nor why T7 and N4 do not appear to
use this energy for DNA ejection. Both phages contain DNA
packaged to about the same density as other phages and should
therefore harbor the same internal forces. Also not addressed is
what happens when the energy stored in the virion runs out.
From single molecule in vitro packaging studies, this should
occur long before the genome has completely penetrated the
cytoplasm.
It has been suggested that the sequential attachment of
DNA-binding proteins could pull any part of the genome that
was not pushed by virion forces into the cell. If the proteins are
already present in the cell, there need not be a requirement for
additional cellular energy. However, it is not clear how this
could work for the majority of phage infections. The bacterial
chromosome is ¨100 larger than most phage genomes and
would effectively compete for proteins with little or no DNA
sequence specificity. The only phage infection where this idea
seems at all reasonable is for SST of T5. Pre-early gene
products of T5 and related phages degrade the bacterial
chromosome completely, and the nucleoside products are
secreted from the cell. SST of T5 could then be brought about
by the sequential binding of the pre-early A2 DNA-binding
protein (or an A1–A2 hetero-oligomer) or, in principle, by host
proteins, to any DNA that enters the cell by diffusion. Energy
released by proteins bound to the incoming DNA could
facilitate the diffusion process that, however, must act against
a resistive force caused by the osmotic pressure of the
cytoplasm. A careful evaluation is needed of the likely kinetics
of such a process, and whether they are consistent with a
natural phage infection. Sequence-specific DNA-binding pro-
teins can clearly function to internalize a phage genome. These
proteins may specifically recognize the phage genome,
obviating or reducing competition with bacterial DNA. Both
T7 and N4 use phage-encoded, sequence-specific RNAPs to
transcribe and thus pull much of their genomes into the cell. By
necessity, phages following the general strategy of using a pre-
existing or newly synthesized intracellular protein to catalyze
genome entry must exhibit at least a two-step process.
There is no a priori reason why there should be a single
mechanism describing phage DNA ejection. Internal forces
within themature virionmay often initiate the process. However,
as argued above, these forces are insufficient to effect complete
genome transfer, especially in the face of an opposing force
within the cytoplasm. Prior to infection, internal forces from
DNA packing are opposed by resistive forces associated with
proteins within the connector and the tail that prevent premature
ejection. How effectively the resistive forces are dissipated by
conformational changes within those proteins or by their
ejection into the cell will determine how much of the genome
can be ejected into the cell using only forces stored within the
virion. For those phages that do not require cellular energy in
translocating their genome, a source of energy distinct from that
associated with packing forces needs to be found.Four of the five phages where information on the
mechanism of genome internalization has been obtained use
phage products, expressed from DNA already in the cell, to
catalyze later steps of genome internalization. The exception is
phage k, whose genome completely enters in a single step
without the necessity for protein synthesis. However, even
among the four, there are major differences in the extent of
genome transfer before energy-requiring processes become
necessary. Can we extrapolate from the experimental informa-
tion from a select few phages and provide a general mechanism
for all phage infections, or are we stuck with the rather
unsatisfying position that each phage type has evolved its own
fundamentally unique mechanism for the physical process of
getting its genome into the cell?
A new and simple model for phage DNA ejection
Two old observations inspired the ideas that follow. The first
is an electron micrograph taken by Lee Simon of T4 infecting
E. coli B (Fig. 1). This remarkable thin section of a phage-
infected cell caught a T4 genome in the act of penetration.
Looking at the uppermost phage, which is also shown at 0.3 A
underfocus in the inset, the length of DNA inside the cell
cytoplasm is more than 100 nm, and appears fully extended.
Simon described the DNA as having an apparent periodicity of
4 nm. However, B-form DNA is usually described as a flexible
polymer, with a persistence length of ¨50 nm and a periodicity
of 3.4 nm. A DNA molecule would not be expected to exist in
an extended conformation if it was being pushed into the cell
by forces existing within the virion. This micrograph is more
I.J. Molineux / Virology 344 (2006) 221–229228consistent with the idea that DNA is being pulled into the cell.
The question then is: what is pulling? The second observation
is that most phages, including T4, cause a transient depolar-
ization of the cell membrane at the initiation of infection, and
during this time, there is a transient leakage of cytoplasmic ions
(Kuhn and Kellenberger, 1985). Furthermore, both FST and
SST of T5 are associated with efflux of K+ ions, but no efflux
occurs during the intervening period, when pre-early genes are
being expressed and there is no DNA internalization (Bou-
langer and Letellier, 1992). Importantly, T7 has been shown
NOT to cause a transient leakage of cytoplasmic ions at the
initiation of infection (Kuhn and Kellenberger, 1985).
I assume that the junction between the lipid bilayer of the
cytoplasmic membrane and the phage tail (or ejection
apparatus) is tight, and therefore that cation efflux, when it
occurs, is through the lumen of the tail, into the head, and then
into the external medium. As efflux occurs while DNA is
moving into the cytoplasm (at least during T5 infection), there
must be carrier molecules between the internal walls of the tail
and the DNA itself. Conversely, as cytoplasmic ions do not
leak from cells immediately after T7 infection, at least one part
of the channel being used for genome internalization should
have a diameter not significantly greater than 2 nm, the
diameter of DNA. This requirement may be met by the T7
head–tail connector protein, which is reported to contain a 2.2
nm diameter constriction.
There is a significant osmotic gradient between the cell
cytoplasm and the external medium; if a cation efflux channel is
open at the initiation of phage infection, then water molecules
can travel in the opposite direction, up the osmotic gradient,
from the medium into the cytoplasm. I propose that the osmotic
pressure difference between the cytoplasm and external fluids
provides the force for DNA ejection for many phages. It is the
stream of water molecules moving along the osmotic gradient
from themedium, through the phage virion, and into the cell, that
drags the phage genome along with it. Understanding phage
DNA ejection in vivo may thus often be a question of
understanding the hydrodynamics between the external milieu,
through the virion, and into the cytoplasm.
This model for DNA ejection does not necessitate a
multistep process to internalize the entire genome. Unless
the transmembrane channel is actively closed, water will
continue to flow into the cell, ensuring complete genome
internalization, and at an essentially constant rate. The number
of water layers between the tail tube and the moving DNAwill
determine the hydrodynamic force exerted on the phage
genome, and thus the rate of DNA translocation. However,
it is essential that the channel across the membrane be closed
after the genome has entered the cytoplasm, the failure to do
so would allow cellular energy to be dissipated, which would
prevent phage development.
Looking at the problem from another perspective, when a
phage makes its channel across the cell envelope, the cell
functionally sucks the infecting genome into its cytoplasm. In
the case of T7, and I predict the same will apply to N4, sucking
has no effect because water molecules are not able to pass
through the DNA channel. These phages therefore must usecellular energy to internalize most of their genomes. For phages
of the T5 family, which exhibit a pause in their genome
internalization process, one needs only to hypothesize that a
protein, or perhaps a discontinuity in DNA structure at a nick
site, closes the channel and terminates FST. Both cation efflux
and water influx cease; consequently, DNA translocation also
ceases. When cation efflux is re-established after the synthesis
of pre-early proteins, water influx should also restart, and SST
of T5 can again occur by hydrodynamic forces exerted on the
DNA, without the need for cellular energy.
Why do some phages eject their genome in a single step while
others use a multipartite process? The simplest explanation is
that the latter provides the phage temporal control of its
developmental process, which is part of its overall strategy of
infection. T7 avoids restriction by type I enzymes by a
transcription-based mechanism of genome entry. Genes are
necessarily expressed as the DNA enters, and the first gene
product synthesized is a protein that inactivates the restriction
enzyme before cognate recognition sites are internalized. If the
T7 genome enters the cell fast, it becomes susceptible to
restriction because the anti-restriction protein is not synthesized
rapidly enough. A temporal control on gene expression is also
enforced by transcription-mediated genome internalization, late
genes are expressed last after infection because they are the last
to enter the cell from the phage virion. In part, the pre-early genes
of T5 function to rid the infected cell of proteins that could
interfere with subsequent phage development. One protein
inactivates the type II restriction enzyme EcoRI. There are
several EcoRI sites in the T5 genome but none lies within the
FST DNA. If an EcoRI site is introduced into FST DNA, the
phage becomes sensitive to restriction. T5 also ‘‘purifies’’ the
infected cell of all DNA, providing a control over the synthesis
of precursors that will be used in its replication.
The hydrodynamic model for phage DNA ejection also
provides a mechanism for internalization of single-stranded
genomes and of internal virion proteins that become cytoplas-
mic after infection. Providing the osmotic gradient between the
external medium and the cytoplasm passes through the virion,
the influx of water along will exert equivalent forces on these
molecules as on dsDNA. All that is required is that the channel
between the adsorbed phage and the cytoplasm be wider than
the diameter of what needs to be internalized. There is also no
limitation on the number of macromolecules that can leave the
phage head by this process, making it an attractive mechanism
that explains how the <1000 internal proteins of T4 can enter
the cell after infection.
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